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Summary
  To evaluate the usefulness and safety ofEr : YAG Iaser for cavity preparation of imma-
ture teeth, we irradiated the tooth substance using Er' : YAG laser in teeth of rats in the
growth stage and human immature premolars showing an incomplete root and determined
appropriate irradiation conditions, observed the irradiated surface by scanning electron mi-
croscopy (SEM), evaluated the therrnal effects ofirradiation, and performed histopathologi-
cal examination.
  SEM of the irradiated surface revealed no smear layer or dentinal plug observed after
cavity preparation using an air turbine, and the dentinal tubules were open. Neither car-
bonization nor cracks were observed after irradiation at 50, 100, or 150mJ/pulse. Evalu-
ation of thermal effects showed a rnean temperature of less than 5Åé in the dentin on the
pulp side after irradiation by each combination of the following conditions : dentin thick-
ness, 1.0 or 1.5mm irradiation time, 2, 5, or 10 seconds;and energy, 50, 100, or 150mJ/
pulse. Histopathological examination showed circulatory impairment and disarrangement
ofodontoblasts immediately after irradiation but tendehcy to recovery after 1 week.
  [[hese results suggest.the applicability ofYAG laser to irradiation of the tooth substance.
Considering the effects on the pulp, irradiation at 50-100mJ/pulse may be usefu1 and safe
for irradiation of the tooth substance ofimmature teeth.
                                   Introduction -
  In a previous study, we'tested laser usage in cutting hard tissues by irradiating dentin using vari-
ous types oflaser, and we'  found that pulp injury, carbonization and generation of cracks caused by
the heat can be inhibited by'applying irradiation under optimal conditions for each purposei'. How-
ever, high energy with high generating power is required to cut teeth with a C02 laser or Nd : YAG
laser. Thus, considerable heat is generated, causing evaporation of liquid. Therefore, it was thought
to be difficult to irradiate to dentin, which is adjacent to the pulp.
  Recently, the Er : YAG laser with a wave length of 2.94pm that causes evaporation of liquid
within teeth was developed. This laser is characterized by its high adsorbability into water2', and
when this laser is applied to teeth, water molecules contained in enamel and dentin absorb energy
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from laser. The subsequent water evaporation results in changes in volume, which are thought to be
the mechanism ofirradiation2'3'.
  At present, air turbine handpieces are widely used to cut teeth, but since they are rotary instru-
ments, pulpitis may be caused by the heat or vibration generated during preparation. There are also
other problems to be solved including noise due to rotation, which is peculiar to air turbine hand-
pieces. Thus, the Er : YAG laser has attracted attention as a substitute for air turbine handpieces`'.
The Er : YAG laser has the following advantages : it does not produce vibration during cutting, it can
be used without anesthesia ; it may be suitable for adhesive restorations with resin or ionomer since
laser etching occurs on the irradiated surfaces ; and it does not produce noise the way air turbine in-
struments do. Since the peculiar noise produced by air turbines causes strong anxiety and fear in
children5', laser may be used efficiently in clinical practice ofpediatric dentistry if such noise can be
avoided. However, little work has been done to study the application of Er : YAG lasers to deciduous
teeth or erupting permanent teeth, and the safety ofits clinical application has not been established.
  The objective ofthe present study was to investigate the effectiveness and safety of Er : YAG laser
application to immature permanent teeth which present peculiar physical and anatomical proper-
ties. Thus, the morphology of the cut surface was observed with a scanning electron microscope
(SEM), and the effects ofheat produced during irradiation on the pulp and the effects of irradiation
on the pulp were examined histologically.
Materials and Methods
1. Laserequipment
   An Erbium-yttrium-alminum-garnet (Er : YAG) laser ML22 (developed jointly by HOYA and
 J. Morita Co.) was used in this study. For irradiation, a contact tip with a diameter ofO.6mm was
 used.
2. Methods
  1 ) Experiment 1 : SEM observation ofthe cut surfaces after laser irradiation
     Male Wistar rats at three weeks ofage weighing 30 to 50g were used in this experiment.
     Following inhalation of diethyl ether, rats were intraperitoneally injected with 25mg/kg of
   thiopental sodium (Rabonalge, Tanabe Pharm. Co.). The rats were then placed on a bed specially
   designed for this experiment.
     Irradiation was applied to the labial surface of the upper incisor on the right side with the
   point of the tip being in contact perpendicularly with the labial surface from the labial side to
   the palatal side. During irradiation, water was supplied at 25mVmin, and was vacuumed simul-
   taneously.
     The conditions oflaser irradiation are shown in Table 1. A total of 15 rats were used with 5
   rats used for each condition ofirradiation.
     After irradiation, the rats were sacrificed
   with an overdose of diethyl ether before a Tablel Irradiation condition
   jaw block including the experimental tooth Energyperpulse Pulsepersecond energyperdensity
   was removed. The specimens were then im- (mJlpulse) (pps) (Jfcm2)
   mersed in l09o of neutral buffered formalin 50 10 17.7
   solution for7days for fmation, and dehy- 100 10 35.4
   dration was performed using series of alco- 150 10 53.1
'
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 hol with increasing concentrations, according to the conventional method. After the specimen
 was dried, gold vapor deposition was performed, and the cut surface was observed at an accel-
 eration voltage of 12 kV with a scanning electron microscope (JEOL JCXA-733).
2) Experiment2:Effects ofheat generated by irradiation
 (1) Procedure
   a. Specimenpreparation
      Among premolar teeth extracted for orthodontic treatment, the ones with incomplete api-
     ces that were judged immature clinically were selected for this experiment. In preparing
     specimens, enamel ofthe occlusal surface including the cusps was reduced perpendicularly
     to the tooth axis until dentin was exposed and the roots were removed at the level of the
     anatomical cervical line using an air turbine handpiece (#611 diamond bur). The exposed
     dentin of the occlusal surface was polished with wet abrasive paper (#800) until smooth,
     then was irradiated. Furthermore, a hole with a diameter ofO.5mm and a depth of 1.0mm
     was made in the center ofthe surface facing the irradiated surface, and it was used as the
     site ofthermal cup fixation. Specimens were prepared so that the distance between the irra-
     diated surface and the thermocouple was 1.0mm and 1.5mm. The specimens were im-
     mersed ih anificial saliva at 37Åé just before the experiment.
   b. Conditionofirradiation
      As in Experiment 1, irradiation energy was 50mJ/pulse, 100mJ/pulse and 150mJ/pulse,
     and the pulse rate was set at 10 pps. Irradiation time was 2s, 5s and 10s. Irradiation was
     performed while water of 16Åé was supplied at 25mYmin.
   c. Method
      A sponge was placed in a dish, and an alumel-chromel thermocouple was fixed on the
     sponge. After a specimen was placed, ar'tificial saliva (Salivate@, Teijin Co.) that had been
               e  stored at 37 C was added until the sponge was soaked.
      Next, a straight handpiece was fixed
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 with clamps. After the specimen and
 laser were fixed, irradiation was per-
 formed only after thermocouple stabili-
 zation was confirmed. The room tem-
 perature at the time of the experiment
 was 27Åé. In this experiment, 5 speci-
 mens were irradiated under each con-
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Spenee sc)aked in artiticial saliva C37.0Åé)
Fig.1 Methods
      Temperature changes were recorded before, at the time of, and after laser irradiation us-
     ing a recorder (Intelljgent recorder R310, Techno Seven) which was connected with an
     alumel-chromel thermocoup!e, and the mean value of5 specimens was determined for each
     condition.
3 ) Experiment 3 : Histopathological observation
• As in experiment 1, diethyl ether was used before rats were anesthetized with 25mg/kg of
 thiopental sodium (Rabonal@, Tanabe Pharm. Co.) intraperitoneally. Rats were then placed on
 the bed, and the head and body were fixed to the bed. The mouth was opened by placing power
 chains around the upper and lower incisors while carefu11y avoiding injuring the lower incisors
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and the surrounding mucosa. The site of operation was cleaned.
  a. Controlgroup
     To observe physiological changes and changes with time due to aging, the lower first and
   second molars on the left side of the same rat were selected as controls.
  b. Laserirradiationgroup
     Laser irradiation was performed on the occlusal surfaces ofthe lower first and second mo-
   lars on the right side. The laser tip was inserted in the mouth from the occlusal surface to-
   ward the apex, then Iaser was irradiated with the point of the tip being perpendicularly in
   contact with the occlusal surface while water was being supplied at a rate of 25mllmin.
   Water was removed with a vacuum tip, which was also used to depress the buccal mucosa,
   and the tongue was moved with a tongue depressor to permit direct vision of the occlusal
   surfaces during irradiation. [[1iere
   were three conditions of irradiation as Table2 The group ofrats
   in ' 1.The irradiation sur- Unit:rats   expenment
face was blow dried before glass iono-
mer cement (Fuji Ionomer@ [fype ll , GC
Co.) was used. GIass ionomer was se-
lected because of its low initancy to
the pulp, physical properties and excel-
lent marginal sea16"'. The observation
was performed immediately, 7 days
and 30 days after irradiation.
 A total of 72 rats were used in this
experiment, with 8 rats used for each
condition ofirradiation for each obser-
vation period (Table 2).
Energy per pulse
  (mJ/pulse)
The period of experi-
      ments
50
    Immediately
7 days after irradiation





    Immediately
7 days after irradiation





    Immediately
7 days after irradiation





demineralizing agent (K-CX demineral-
izing agent@, Fujisawa Pharm. Co.). After
completion of demineralization, the
specimens were neutralized with 59o so-
dium sulfate and were washed with
water before dehydrated in series of alco-
hol bath of increasing concentration.
Next, the specimens were embedded in
paraihn before serial section was per-
formed at about 5 pm intervals. Then,
hematoxylin-eosin staining(H-E stain)
and Masson trichrome staining were per-
formed before histopathological observa-
tion with a light microscope.
  As shown in Table 3, the criteria for
  Specimen preparation and observation methods
  After each observation period, the specimens were fixed in formalin as in experiment 1, and
were demineralized using hydrochloride
                                        Table 3 Evaluation ofhistopathological findings
(I) Hyperemia
@ Hemorrhage
@ Inflammatory cell infi1-
  tration
@ Irregularity, atrophy,
  disappearance, vacuoli-
  zation of odontoblast
  laYer
@ Disappearance ofpulpo-
  dentinal membrane
@ Rod spaped body in den-
  tinal tuble
@ Degeneration, necrosis
  ofpulp cell proper
@ Formation of osteoden-
  tin
@ Proliferation of pulp cell
  proper
@ Fibrosis
- : No mark change
Å} : Immediately below
   irradiation surface
+ :Coronalpulp
+ + : Entire pulp
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histopathological evaluation were as follows : hyperemia and hemorrhage of the pulp tissue ;
inflammatory cell infiltration ; disarray in the arrangement ; atrophy, disappearanee, and
vacuolation of odontoblasts ; disappearance of the pulpo-membrane ; aspiration of the nuclei
ofodontoblasts or erythrocytes ; necrobiosis ofpulp cells ; forrnation ofosteodentin ; hyperpla-
sia ofpulp cells proper ; and fibrosis.
  In addition, to determine the minimal thickness of the remaining dentin after irradiation
for each condition of irradiation, measurement was performed on the photographs of the
specimens using the photo ofthe scale taken at the same condition as the specimens.
Results
1 ) Experiment 1 : SEM observation ofthe irradiated surface Observation ofthe irradiated surface
 at 50mJlpulse revealed that the cavity walls were rough due to the presence of enamel rods, and
 the border between the irradiated surface and the non-irradiated surface was clear (Fig.2).
          a 50ym b                        -
                       Fig.2 SEMphotograph
The tooth surfaces cut with Er : YAG laser displayed irregularities by enamel rods.
   a : Irradiation condition 50mJlpulse 10pps












                   a L990tEIIPLm b -op.
                                Fig.3 SEM photograph
Smear layer was not seen at Er : YAG laser irradiated dentin, and opening of the dentinal tubules were clearly
observed.
   a : Irradiation condition 100mJlpulse 10pps
   b : Higher magnification of Fig. 3a
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  Observation ofthe irradiated surface at 100mJlpulse revealed that cavities were deeper than
those prepared by 50mJlpulse irradiation, and odontoblasts were open at the wall without smear
layer. The deepest part of the cavity at higher magnification showed a comparatively flat floor
(Fig.3).
  When the irradiated surface by 150mJlpulse irradiation were observed, cavities were cone-
shaped, and deeper than those irradiated by 100mJlpulse irradiation. There was no smear layer,




a   5Opm
Fig.4 SEM photograph
The tooth $ur[faces cut with Er : YAG laser was look a conic.
a : Irradiation condition 150mJ!pulse 10pps
b : Higher magnification of Fig. 4a
b   10gm
 Carbonization or generation of cracks was not detected under any conditions of irradiation.
 Experiment 2 ; The effects ofheat generated by irradiation-in vitro-
1) Changes in the temperature after irradi ation
   Under all irradiation conditions, the temperature slowly increased during Iaser irradiation
 until it reached the maximal level, and started to slowly decrease immediately after irradiation,
 but after some time, the temperature remained at a certain level.
   When the laser was applied to the dentin of 1.0mm thickness at 50, 100 and 150mJ/pulse, the
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Fig.6 Thermal changes by different irradia-
      tion condition
        (Thickness ofdentin 1.5mm)
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  mens of 1.5mm thickness were irradiated
  at 50, 100, and 150mJ/pulse, the tempera-
  ture increased by 1.1 Å} O.8, 2.3 Å} 1.4, and
         e3.3 Å} 1.8 C, respectively (Fig.6).
(2) Difference in thermal changes according
  to the thickness ofdentin
   Table 4 shows difference in the tempera-
  ture according to dentin thickness for each
  condition ofirradiation.
   Under all irradiation conditions, the in-
  crease in the temperature decreased as the
  thickness of specimens increased, but in-
  creased as the irradiation energy increased
  from 50, 100 to 150 mJ/pulse.
   As for 2s irradiation, as the thickness of
  dentin increased from 1.0mm to 1.5mm
                                      '
  rise in the temperature decreased from O.5
  Å} O.3 to O.1 Å} O.1Åé for 50mJ/pulse irradia-
  tion, from 1.2 Å} 1.0 to O.9 Å} O.6Åé for 100mJ
 /pulse irradiation, and from 2.9 Å} 1.5 to 2.3
  Å} 1.5Åé for 150mJlpulse irradiation (Fig.7).
   For 5s irradiation, as the thickness of
  dentin increased from 1.0mm to 1.5mm, an
  increase in the temperature decreased from
  1.1 Å} O.9 to O.8 Å} O.60C for 50mJ/pulse irra-
  diation, from 2.0 Å} 1.1 to 1.7 Å} O.9Åé for 100
  mJlpulse irradiation, from 3.8 Å} 2.2 to 3.1 Å}
  1.9DC for 150mJ/pulse irradiation (Fig.8).
   For 10s irradiation, as the thickness of
  dentin increased from 1.0mm to 1.5mm, an
  increase in the temperature decreased from
                   e1.3 Å} 1.1 to 1.1 Å} O.8C for 50mJlpulse irra-
                              ediation, from 2.9 Å} 1.4 to 2.3 Å} 1.4 C for 100
  mJ/pulse irradiation, and from 4.0 Å} 1.8 to
  3.3 Å} 1.8Åé for 150mJ/pulse irradiation
  (Fig.9).
(3) Differenee in thermal changes due to the
  difference in the irradiation time
   Under all irradiation conditions, the rise
  in the temperature increased as the irra-
  diation time increased or as the irradiation
  energy increased from 50, 100 to 150mJ/
  pulse.
   As for the dentin of 1.0mm thickness, as
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Table 4 Thermal c
ofdentin
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Irradiation
condition
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       tion time
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   the irradiation time increased from 2s to 10s, the increase in the temperature increased from
   O.5 Å} O.3 to 1.3 Å} 1.1Åé for 50mJ/pulse irradiation, from 1.2 Å} 1.0 to 2.9 Å} 1.4Åé for 100mJ/pulse
   irradiation, from 2.9 Å} 1.5 to 4.0 Å} 1.8Åé for 150mJ/pulse irradiation (Fig.10).
     For dentin of 1.5mm thickness, as the irradiation time increased from 2s to 10s, the inerease
                                                  e in the temperature increased from O.1 Å} O.1 to 1.1 Å} O.8 C for 50mJ/pulse irradiation, from O.9 Å}
   O.6 to 2.3 Å} 1.4Åé for 100mJ/pulse irradiation, from 2.3 Å} 1.5 to 3.3 Å} 1.8Åé for 150mJ/pulse irra-
   diation (Fig. 11).
3 ) Experiment 3 : Histopathological observation
   The histopathological findings for each observation period are shown in Table 5-7.
Table 5 Histopathological findings (Immediately)
Rats(No.) 1 2 3 4 5 6 7 8 25 26 27 28 29 30 31 32 4950 51 52 53 54 55 56
Irradiationcondition
(mJ/pulse) 50 100 150
Minimumthicknessofdentin
(pm)
180 200 160 180 200 170 180 200 170 180 160 150 170 160 190 180 160 14e 150 130 120 130 160 140
Hyperemia Å} Å} + + - Å} Å} - Å} Å} Å} + Å} + Å} Å} Å} + + + ++ ++ + +
Hemorrhage - " - - " - - - Å} Å} Å} + - + Å} Å} Å} + + + ++ + + +
Inflammatorycellinfiltration - - Å} Å} - - - - Å} Å} Å} Å} - + " - Å} Å} Å} + + + Å} +
Irregularity,atrophy,disappearance,
vacuolizationofodontoblastlayer




Å} - Å} Å} - Å} - - Å} Å} Å} Å} Å} + Å} - Å} Å} Å} + + + Å} Å}




proper ' - - - - - - - - m - - - - - - - - - -
Å} " r -
Formationofosteodentin - - . - - " - - - - - - - - - - - - - ' - - - -
Proliferationofpulpcellproper - - - - - - - - - - - - - - " - - - - - - " T -
Fibrosis - - ' - - - - - - - ' - - - - - - " ' - - - - -
Table 6
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Histopathological findings (7days after irradiation)
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210 180 160 180 200 180 180 200 180 160 160 150 180 160 150 170 130 140 160 110 150 130 120 120
Hyperemia ' - Å} Å} - Å} Å} - - Å} Å} Å} Å} . Å} Å} Å} Å} - + Å} Å} + Å}
Hemorrhage - - - . - ' - - - - - - P - Å} - - ' - Å} - - - '
Inflammatorycellinfiltration - - Å} - - Å} - - - - Å} Å} - Å} Å} - - - ' Å} - - Å} Å}
Irregularity,atrophy,disappearance,
vacuolizationofodontoblastlayer - -
Å} Å} ' Å} Å} - Å} Å} Å} Å} Å} Å} Å} - Å} Å} Å} + Å} Å} + Å}
Disappearanceof
pulpo-dentinalmembrane - -
Å} . - ' - - - P - Å} - Å} Å} - - Å} - Å} - - Å} Å}
Rodspapedbodyindentinaltuble ' - - ' - - - - - . - - - . - - - . - ' - . - -
Degeneration,necrosisofpulpcell
proper - ' - - - - - - - - . - " - - - ' - -
Å} - - Å} -
Formationofosteodentin - - Å} - . - ' - - - - Å} - Å} Å} - Å} Å} ' Å} . - Å} -
Proliferationofpulpcellproper ' - Å} Å} ' Å} Å} - Å} - - Å} - Å} Å} Å} Å} Å} Å} + Å} Å} + '
Fibrosis . - Å} - . - ' - . - - Å} - Å} Å} - - Å} - Å} - - Å} -
Table 7 Histopathological findings (30 days after irradiation)






180 150 180 160 200 160 150 180 160 150 180 200 160 150 180 160 140 160 120 120 150 140 120 130
Hyperemia - - - - - - - - - - - - - - - - - . - - - - - "
Hemorrhage - - - - - - - - - - - - ' - - - - - - - - P - -
Inflammatorycellinfiltration - - - - - - - - . - - - - ' - - - - ' - - - - -
Irregularity,atrophy,disappearance,
vacuolizationofodontoblastlayer - - - - - .
Å} - - Å} - ' - - . - - - . ' ' - Å} -
Disappearanceof
pulpo-dentinalrnembrane - - - - - - - - - - - - - ' - - - - ' - - - - -
Rodspapedbodyindentinaltuble - . - ' - - - ' - - - - - - - - - - - - ' - - -
Degeneration,necrosisofpulpcell
proper - ' - - - - - - - ' - - - ' - - - - - - - - - -
Formationofosteodentin - - . - - - - - Å} Å} - - Å} Å} - - Å} - Å} Å} Å} Å} Å} -
Proliferationofpulpcellproper - Å} Å} Å} - Å} Å} - Å} Å} - ' - - - - - - Å} Å} Å} Å} Å} -
Fibrosis . - - - - - Å} - - Å} ' - - Å} ' - - - Å} - Å} Å} Å} '
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  1/ Immediatelyafterirradiation
    a. Controlgroup
       Formation of only a small amount of physiological secondary dentin was observed. The pulp
      cavity was large with the projection ofthe horns, and a small amount ofreparative dentin was
      found only around the pulp horns in some teeth. The three layer structure consisting of the
      odontoblastic layer, cell-free layer, and cell-rich layer was clear (Fig.12).
ts
                  a Å~65 b Å~163
                            Fig.12 Control(Immediately)
a : There was only slight deposition ofphysiological secondary dentin, and the pulpal horns were elearly pro-
  jeeted with a $mall amount of reparative dentin Iimited to the horns.
b : The three-layer structure, consisting ofan odontoblastic layer, a cell-free Iayer and a eell-rich layer, was
  apparent.
                            (Higher magnification of Fig. 12a)
b. Lasercuttinggroup
   For 50mJ/pulse irradiation, the minimal thickness of dentin ranged from 160 to 200pm
 with the mean value of 184pm. There was slight hyperemia in the coronary pulp chamber.
 Slight vacuolation and intercellular edema were observed in t-he odontoblastic layer, and
 there were only a small number of round cells. Partial disappearance of the pulpo-dentinal
 membrane was also detected (Fig.13).
   For 100mJlpuise irradiation, the minimal thickness of dentin ranged from 150 to 190pm
                  a Å~65 b
                 Fig.13 50mJlpulse (Immediately after laser irradiation)
a : There was slight hyperemia in the coronal pulp.
b : Slight vaeuolization and intercellular edema were observed in the odontoblastic laver.
  There were very few round cells, A partial loss ofthe pulpo-dentinal membrane w5s noted.
                            (Higher magnification of Fig. 13a)
-XYK,
Å~ 325
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with the mean value of 170pm. There was slight hyperemia in the coronary pulp chamber,
and aspiration ofsome red cells was observed (Fig.14-1). In the odontoblastic layer, severe
vacuolation and intercellular edema were found in a wide area, associated with the disap-
pearance of the pulpo-dentinal membrane. Leaking hemorrhage was observed in a compara-
tively wide area in the coronary pulp chamber, but no cells exhibited coagulative necrosis
(Fig.14-2).
 For 150mJlpulse irradiation, the minimal thickness of dentin ranged from 120 to 160ptm
with the mean value of 141pm. Odontoblasts in the coronary pulp chamber exhibited vacuola-
tion with disappearance ofthe pulpo-dentinal membrane. These denatured cells were under-
lined by extensive monocyte infiltration. Hyperemia accompanying Ieaking hemorrhage was
noted in the entire pulp. There was also disarray in the arrangefuent and disappearance of
odontoblasts, and even in specimens showing comparatively mild changes in the arrangement
ofodontoblasts, rods that were odontoblasts aspirated into dentinal tubules were observed. In
one specimen with the minimal thickness of 120um, the focus of necrosis was detected imme-
                  a Å~65 b
                Fig.14-1 100mJlpulse (Immediately after laser irradiation)
a : There was slight hyperemia in the coronal pulp.
b : Some erythrocytes were aspirated in dentinal tubules,
                           (Higher magnification of Fig. 14-1a)
Å~ 325
                  c Å~65 d Å~325
                Fig.14-2 100mJlpulse (Immediately after laserirradiation)
c : Extensive and marked vacuolization and intercellular edema were detected in the odontoblastic layer, ac-
  companied by a los.q. ofthe pulpo-dentinal membrane.
d : HemoiJrhage per diapedesin was observed in a comparatively wide area of the coronal pulp, but there was
  no coagulative necrosis of the cells.
                           (Higher magnification of Fig. 14-2c)
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                  a Å~82 b Å~325
                 Fig.15 150mJlpulse (Immediately after laser irradiation)
a : Odontoblasts in the coronal pulp present•ed vacuolization with an extensive loss of the pulpo-dentinal
  membrane.
b : Marked monocyte infiltration was found immediately beneath these denatured cells.
  Hyperemia accompanying hemorrhage per diapedesin was noted in the entire pulp.
                            (Higher magnification of Fig. 15a)
    diately under the irradiated surface (Fig.15).
i,2, Sevendaysafterirradiation
  a. Controlgroup
     It was found that formation of physiological secondary dentin and reparative dentin in-
    creased with age. The three Iayer structure consisting of the odontoblastic Iayer, cell-free
    layer, and cell-rich layer was clear (Fig.16).
                  a Å~65 b Å~163
                             Fig.16 Control (7days after)
a : The amount of deposition ofphysiological secondary dentin and reparative dentin in the pulpal horns in-
  creased with age.
b : The three-layer structure of the odontoblastic layer, cell--free layer and eell-rich Iayer was apparent.
                            (Higher magnification of Fig. 16a)
b. Laserirradiationgroup
   For 50mJ/pulse irradiation, the minimal thickness of dentin ranged from 160 to 210gm
 with the mean value of 186pm. There was little hyperemia or exudative changes in the coro-
 nary pulp chamber. The number of odontoblasts slightly decreased, and they showed reticular
 changes. Hyperplasia ofpulp cells proper was observed (Fig.17).
   For 100mJfpulse irradiation, the minimal thickness of dentin ranged from 150 to 180ptm
6E,ky4ÅqtNii.,\ 252•3, 199.9 153
                  a Å~65
                    Fig.17 50mJ/pulse (7days after laser in'adiation)
a : There was only slight hyperemia and few exudative changes in the coronal pu]p.
b Å~ 325
b : The number of odontoblasts was slightly decreased in some part, where odontoblasts undergoing reticular
changes and proliferation of pulpal cells were observed,
                          (Higher magnification of Fig. 17a)
with the mean value of 164pm. AIthough hyperplasia of pulp cells proper was seen, hypere-
mia or changes of odontoblasts were scarce. In addition to the formation of physiological see-
ondary dentin, formation ofosteodentin containing cells was noted in the area facing the cav-
ity (Fig.18).
                  a Å~65' b Å~163
                    Fig.18 100mJlpulse (7days after laser irradiation)
a, b : Ntheugh proliferation ofpulpal cells were observed in the coronal pulp, there was only slight hypere-
    mia and few changes in odontoblasts.
    In addition to the deposition of physiolegical secondary dentin, osteodentin was formed in the part cor-
    responding to the cavity, entrapping cells.
                           (b : Higher magriification of Fig. 18a)
 For 150mJlpulse irradiation, the minimal thickness of dentin ranged from 110 to 160ym
with the mean value of 133pm. Histological changes were similar to those for 100mJlpulse ir-
radiation, but a comparatively large number of osteodentin-containing cells formed in the
area facing the cavity, and extensive hyperplasia of pulp eells proper was found. In two speci-
mens with dentin thickness of 110 and 120ptm, a small number of odontoblasts and pulp cells
proper exhibited necrobiosis immediately under the irradiated surface. However, they also
showed formation of a large amount of osteodentin and extensive hyperplasia of pulp cells
proper in the same region (Fig.19).
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  Fig.19 150mJ/pulse (7days after laser irradiation)
b Å~ 163
a, b:In the part corresponding to the cavity, alarge amount ofosteodentin including cells was formed with
proliferation of pulpal cells in a comparatively wide area.
A small number of odontoblasts and pulpal cells undergoing degeneration and necrosis were found im-
mediately underneath the irradiation area, where there was also formation of a Iarge amount of os-
teodentin and comparatively extensive proliferation of pulpal cells.
                       (b : Higher magnification of Fig. 19a)
/13) Thirtydaysafterirradiation
  a. Controlgroup
     With progression ofattrition, formation ofsecondary dentin was observed in the roof, horns,
    and floor of the pulp chamber, which caused a distinctive reduction in the size of the pulp
    chamber (Fig.20).
                  a Å~65 b
                            Fig.20 Control (30days after)
a, b : Because ofadvanced attrition ,
    pulp chamber as well as the pulp horns, eausing an apparent narrowing of the pulp chamber.
                           (b : Higher magnification of Fig. 20a)
Å~ 163
formation of secondary dentin was observed in the roof and base of the
b. Laserirradiationgroup
   For 50mJfpulse irradiation, the minimal thickness of dentin ranged from 150 to 200pm
 with the mean value of 170pm. With progression of attrition due to aging, extensive forma-
 tion of physiological secondary dentin was observed in the roof, horns and floor of the pulp
 chamber, resulting in a distinctive reduction in the size of the pulp chamber. There were no
 other distinctive changes (Fig.21).
   For 100mJ/pulse irradiation, the minimal thickness of dentin ranged from 150 to 200ym
 with the mean value of 168pm, There was neither hypereinia nor any marked changes in
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a Å~65 b Å~ 163
                  Fig.21 50mJlpulse (30days after laser irradiation)
: There was attrition due to aging, which resulted in a narrowed pulp chamber with extensive format.ion
 of physiologic secondary dentin in the roof and base of the pulp chamber as well as the pulp horns. No
 other marked changes were noted.




                 Fig.22 100mJfpulse (30days after Iaser irradiation)
: There was no hyperemia or marked changes in odontoblasts.
 Formation of secondary dentin was observed.
 Osteodentin which contains cells was also found in the part corresponding to the cavity.




                 Fig.23 150mJlpulse (30days after laser irradiation)
: There was no edema, hyperemia, or hemorrhage in odontoblasts,
 There was no rnarked changes in the odontoblastic Iayer.
                         ( b : Higher magnification of Fig. 23 a )
b Å~ 163
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odontoblasts. Formation ofsecondary dentin was observed, and formation ofosteodentin that
contained cells was also found in the area facing the cavity (Fig.22).
 For 150mJ/pulse irradiation, the minimal thickness of dentin ranged from 120 to 160pm
with the mean value of 135pm. Unlike specimens immediately and 7 days after irradiation,
edema, hyperemia or hemorrhage of odontoblasts was not observed, and there were no
marked changes in the odontoblastic layer (Fig.23).
Discussion
1. The animals used in the experiment
   There are a number ofstudies using animals in observing the reactions of the pulp to laser irra-
 diation8'9-i9). The animals used in the experiments are mainly dogs8'9-i5), and ratsi6-'9). In selecting
 experimental animals, it is necessary to consider whether the animal exhibits the oral conditions
 that are suitable for the study. In some previous reports investigating pulpal reactions to laser ir-
 radiation""3', teeth were cut with an air turbine handpiece to expose dentin before irradiation,
 which indicates that the effects ofcutting with an air turbine handpiece may be mistaken for the
 effects of laser irradiation. Since this study aimed to perform histopathological investigation of
 dentin after laser irradiation, we selected murine molars, the cusps of which are not covered with
 enamel, so that the direct effects oflaser irradiation on the pulp could be investigated.
   During the experiment, the general conditions of the animals were followed by periodically
 measuring weight and dietary intake. There were no significant changes in the general conditions
 of the animals except that body weight increased due to norrnal physical development, and it was
 concluded that laser irradiation did not affect the general conditions ofthe animals.
2. Conditionsofirradiation
   Since the effects oflaser irradiation are influenced by the wave length, output, pulse number of
 the laser as well as irradiation time, irradiation conditions should vary depending on the objective
 of the study. Ishimaru et al.20' demonstrated in the study where an Er : YAG laser with a wave
 length of2.94pm.was used to cut teeth that cutting was possible when a laser with irradiation en-
 ergy of50, 100, and 150mJ was applied to bovine teeth, and that cutting capacity increased as the
 pulse number increased. Takano2i' reported that when human extracted teeth were irradiated by a
 laser with energy of 100, 150, or 100mJ for 10secs at lpps or for 2secs at 5pps while spraying
 water on the tooth, cutting was possible, but generation of cracks was observed in the surfaces ir-
 radiated with 200mJ laser. Tlius, based on these reports, we chose irradiation conditions so as to
 optimize the cutting capacity as well as to avoid generation ofcracks.
   In addition, the specimens used in this study were immature permanent teeth, which are char-
 acterized by increased possibility of the pulp being exposed to external stimuli since they have
 thinner dentin than mature permanent teeth. Thus, irradiation energy needs to be limited to low
 levels while maximized to maintain optimal cutting capacity within the permissible range. In the
 preliminary experiment, we first experimented with the use ofa 31mJ/pulse laser to cut teeth, but
 cutting was impossible. Then, we gradually increased the irradiation energy until cutting became
 possible at 50mJ/pulse, which was established as the minimal irradiation energy.
   When the laser was used at more than 150mJ/pulse, there were some specimens showing pulp
 exposure. Therefore, 150mJ/pulse was thought to be the maximal level. In addition, the pulse
 number was set at 10pps in consideration ofthe eutting efficiency.
i' "
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3. SEMobservation
   Wei' performed SEM observation ofthe irradiated surfaces after applying a C02 laser, Nd : YAG
 laser and Er:YAG laser on dentin, and found that the outer layer of the irradiated surfaces
  melted and there was blockage of dentinal tubules after irradiation with the C02 laser and Nd :
 YAG laser. However, after irradiation with Er : YAG laser, there was no blockage of dentinal tu-
 bules, which is similar to the findings ofthe present experiment.
   TEhe blockage oftubules found after irradiation with the C02 laser and Nd : YAG laser is attrib-
  utable to heat22'. However, since the Er : YAG laser has a wave length of 2.94pm, which is similar
  to the absorption spectrum ofwater, it has the properties ofhigh absorbability to water. When
  teeth are irradiated, laser energy converges in water surrounding hydroxyapatite crystals, which
  increases the internal pressure, causing explosion, and teeth destruction3'. Since the state ofdenti-
  nal tubules refiects the mechanism of cutting, it was speculated that melting and blockage of den-
  tinal tubules ofthe irradiated surface are caused by the heat from the Nd : YAG laser and C02 la-
  ser while a flaky appearance and opening ofdentinal tubules on the cut surfaces are caused by the
  destruction ofapatite crystals rather than melting by the Er : YAG laser.
. When dentin is cut with an air turbine handpiece or an engine, a smear layer is normally pro-
  duced, cutting debris enter the end of tubules, and a dentinal plug is formed. However, such find-
  ings were not observed in the dentin irradiated by the Er : YAG laser, which was thought to be at-
  tributable to the difference in the mechanism ofcutting.
    There have been various studies concerning the smear layer. Some studies found that if the
  smear layer is not removed before fi11ing, the growth of bacteria is facilitated since bacteria can
  propagate within the smear layer, and the fit ofrestorations is decreased, thus reducing the reten-
  tion232`'. However, it was also reported that since the permeability of dentin is reduced by the pres-
  ence ofa smear layer and a dentinal plug in dentinal tubules, external stimuli can be blocked, pre-
  venting exudation ofdentinal fluid. Thus, dry conditions inside the cavity can be maintained, pre-
  venting the physical properties and retention of the restoration from decreasingl5-zz). At present,
  many researchers suppor't the former mechanism, and removing the smear Iayer after cavity
  preparation is generally accepted29-3i'. The Er : YAG laser does not produce a smear layer unlike
  the other two lasers, indicating that it is usefu1 for cavity preparation
 4. The effects ofheat
    Even if laser cutting of immature permanent teeth is feasible, clinical application cannot be re-
  alized unless the effects of the laser on the pulp of immature permanent teeth are investigated.
  Therefore, we performed in vitro experiments using human immature permanent teeth prior to
  the histopathological examinqtiofi. To create a condition resembling the actual oral condition at
  the time oflaser irradiation in association with clinical application, the specimens were placed on
  a sponge soaked in artificial saliva, which was maintained at 37Åé, before irradiation. Since the
  aim ofthis study was to investigate the effects ofheat on the pulp when the thickness ofremain-
  ing dentin after laser irradiation was 1.0 and 1.5mm rather than to irradiate dentin, the contact
  tip was fixed during irradiation.
    Water supplied during irradiation greatly influences the effects ofheat32'33'. Takizawai5' reported
  that water affected the changes in the temperature and the morphology of the irradiated surfaces,
  and that the temperature rose about 70C after irradiation while supplying water. Also in the pre-
  sent study, water was supplied during irradiation in consideration of the infiuence of heat. The
  amount ofwater supply was set at 25mVmin in the present study $ince carbonization and cracks
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 were detected in some parts of the cut surfaees after irradiation using a high energy- laser even
 when water was supplied at 20ml/min. However, further studies should be done to determine
 whether 25mYmin ofwater is appropriate. Although no carbonization or cracks were observed un-
 der any conditions by SEM, and elevation ofthe temperature was limited to less than 5Åé in most
 rats during the final experiment, some rats showed more than a 5Åé increase in the temperature,
 indicating that an increase in water supply could have prevented temperatures from rising more
 than 5eC in all animals. However, Bhasker et al. noted that excessive cooling can become a harm-
 fu1 stimulus to the pulp32', and that excessive water supply can reduce the cutting efficiencf3'.
Thus, we concluded that the amount ofwater supply should be discussed by considering its cooling
 effects as well as the cutting efficiency of the laser.
  In measuring changes in the temperature following laser irradiation, thermocouplesi6'3`-36' and
thermograms3'L39' are used. It is known that when the laserbeam is absorbed directly by the ther-
mocouple, the heat generated by the laser can be included in the measurement. However, it was
also reported`O' that the use of the needle elements of a thermocouple is suitable for measuring
changes in the temperature caused by laser irradiation. Prior to the final experiment, we exam-
ined whether a thermocouple actually measures only the heat absorbed into the tissue. After irra-
diating the thermocouple under the same conditions as in the final experiment, changes in the
temperature were recorded. It was found that the results differed from those obtained in the final
experiment, where direct laser irradiation was performed on the specimens. The temperature in-
creased rapidly on direct laser irradiation, and decreased rapidly on completion ofirradiation, af-
ter which the temperature remained at a constant level.
  In the final experiment, however, the temperature started to increase slowly with a slight time
lag after initiation oflaser irradiation, and started to decrease slowly immediately after comple-
tion ofirradiation, after which the temperature remained at a constant level.
  These findings suggested that the changes in the temperature recorded by a thermocouple indi-
cate the heat absorbed into the tissue. Furthermore, when specimens ofvarious thicknesses were
irradiated under various conditions, there was no perforation ofthe specimens toward the thermo-
couple caused by cutting, and when the changes in the temperature were compared between 50
mJ/pulse irradiation to the specimen with a thickness of 1.5mm and 150mJ/pulse irradiation to
the specimen with a thickness of 1.0mm, the temperature increased and decreased slowly as de-
scribed above. Therefore, there is little possibility ofdirect irradiation on the thermocouple.
  In a study examining the effects ofheat on the pulp, Zach and Cohen`i' demonstrated necrosis of
the pulp in 159o of the vital teeth when the increase in the temperature of the pulpal wall ex-
         eceeded 5.6 C for 5 to 20s in an experiment using monkeys. It is widely accepted that more than a 5
oCincrease in the temperature affects the pulpal tissues`2'`3). Sugata et al`2'. found in an experiment
using a C02 laser that when irradiation was performed in the SP mode with an output of IW
(mean output : O.15W), irradiation time of3-10s, and energy density of117-390J/cm2 on dentin of
more than 1.5mm thickness, the increase in the temperature of the pulp was less than 5eC . We
also reported that when a C02 laser was applied in the SP mode with an output of2W (mean out-
put : O.2-O.6W), irradiation time of2-10s, and energy density of68-204Jlcm2, the increase in the
temperature was less than 50C if dentin was more than 1.0mm thick`4'. Takizawai5' demonstrated
that when an Er : YAG laser was irradiated at 200mJlpulse for 5s, at 100mJ/pulse for 60s, and at
200 mJlpulse for 60s, the temperature increased by 6.7eC , less than 6.5Åé and less than 7.leC , re-
spectively. According to a report by Machida et a137'., the temperature did not increase even after
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 250 mJ/pulse irradiation. In the present study, the temperature rose less than 5Åé under all condi-
 tions ofirradiation with any irradiation time for all specimens, indicating that heat has little in-
 fluence on the pulp when laser irradiation is performed with water supply.
   Hamilton et al.`5' and Matsumura et al`6'. demonstrated that the effects of heat and other ele-
 ments on the pulp tissues are closely related to the thickness of dentin. Since immature perma-
 nent teeth, which have just erupted, are characterized by the projection of the pulpal horns and
 the Iarge chamber, it was necessary to clarify the relationship between dentin thickness and the
 effects ofheat on the pulp tissues. It was found that although it was difficult to compare lasers
 with different wave lengths because of their proper'ties, the Er : YAG laser infiuences the pulp tis-
 sues less than the C02 laser even when dentin is only O.5mm thick. This suggests the usefulness
 oflaser application to immature permanent teeth.
5 . Histopathological examination
   Since the effects ofheat on the pulp are closely associated with the thickness ofdentin`5'`6', it was
 necessary to measure the thickness of dentin after laser irradiation in rats. As specimens were
 prepared by demineralization, dehydration and parafin embedding, the obtained values should
 be slightly larger than actual values because ofslight shrinkage of the specimens during the proc-
 ess of specimen preparation.
   The association between the remaining dentin after cavity preparation and reaction of the pulp
 has previously been studied`7'`8). It was reported that strong inflammation was observed when den-
 tin was less than 1,OOO pm thick in human teeth`". It was also reported that some reactions oc-
 curred when dentin was less than 400pm thick`8'. Wangii' found that when a Nd : YAG laser was
 applied to dentin in dogs, hemorrhage was observed in a wide area of the pulp and there was also
 vacuolation and necrosis ofthe pulp tissues when the thickness ofdentin was less than 350pm. It
 was also found in the sam'e experiment that inflammation remained 28 days after irradiation, re-
 sulting in delayed healing. Sekinei2' reported that after irradiation with an Er : YAG laser, there
 was hemorrhage in pulp tissues, the appearance of rods within dentinal tubules, and necrobiosis
 of pulp tissues when dentin was less than 500pm thick. It was also found that 28 days after irra-
 diation, inflammation was still observed, and healing was delayed. [[1ius, reactions of the pulp in-
 creased as the thickness of dentin decreased. Takizawa'5' noted the inflammation 90 days after ir-
 radiation when the dentin thickness was less than 500pm. In the present study, we examined the
 relationship between dentin thickness and changes in temperature in vitro, and found that the
 pulp is influenced by heat in some specimens when the thinnest part of dentin is 500pm thick.
 When these reports and our in vitro data are considered, the pulp seems prone to infiammation as
  dentin was quite thin with thicknesses of 110 to 210pm after laser irradiation in the present
  study. However, there was no severe inflammation in the pulp except when dentin thickness was
  less than 120pm (immediately after 150mJ/pulse irradiation in 1 specimen, and 7 days after 150
  mJ/pulse irradiation in 2 specimens). In these cases, necrobiosis of the pulp was observed only be-
  neath the irradiated surface. In addition, there were three specimens having dentin with a thick-
  ness of less than 120pm that were observed for 30 days after 150mJ/pulse irradiation, and necro-
  biosis was not detected in pulp tissues in any ofthese specimens. It was speculated that the actual
  increases in the temperature were less than those expected partly because the heat was dispersed
  through blood flowi6'. However, since the effects of heat caused by irradiation depends on cooling
  by water supply, irradiation energy, and dentin thickness, water supply is thought to have de-
  creased the histological changes in pulp tissues by limiting the rise in the temperature to about
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 less than 5"C as already described in the discussion ofthe effects ofheat. In cases where signifi-
 cant changes in the temperature were observed, it is possible that the temperature increased
more than 5Åé.
  Next, the relationship between the condition of irradiation and reactions of the pulp is dis-
cussed. Although we used an Er : YAG laser in the experiment, as did Sekine'2' and Takizawai5',
our findings differed from theirs, which may be attributed to the difference in the conditions of ir-
radiation. The highest energy of the laserbeam was 200mJlpulsei2', and 250mJlpulsei5' in their
studies while the highest energy ofthe Iaserbeam was 150mJ/pulse in the present study. Thus, ir-
radiation energy was lowed in our study. There were few changes in the histopathological findings
immediately after irradiation with 50mJ/pulse laser, and when irradiation energy was increased
to 100mJ/pulse and 150mJlpulse, inflammation extended from immediately under the irradiated
surface to a wide area ofthe pulp. Hemorrhage, inflammatory cell infiltration, disarray in the ar-
rangement, disappearance and vacuolation of odontoblasts, disappearance of the pulpo-dentinal
membrane and aspiration of the nuclei of odontoblasts as well as erythrocytes increased. How-
ever, with time, these inflammatory changes recovered under all conditions ofirradiation. 'lliere-
fore, although cutting ofa tooth causes a certain degree of damage to the pulp immediately after
irradiation, these inflammatory changes seem reversible. These findings suggest that all the con-
ditions ofirradiation used in the present study can be used in cutting immature permanent teeth,
and that 50mJ/pulse irradiation caused little damage while cutting was feasible. In addition, a fo-
cus ofnecrosis was not observed after 100mJ/pulse irradiation. Therefore, it was concluded that
the optimal conditions ofirradiation are within the limits of50 and 100mJlpulse. Although these
conditions may not be immediately applied to human teeth, this study confirmed the usefulness
and safety of the application ofthe Er : YAG laser to immature permanent teeth.
  Regarding the relationship between the condition of irradiation and remaining dentin, the cut-
ting capacity increases as the irradiation energy increases. In this study, the mean thickness of
dentin after irradiation was 180, 167 and 136ptm for 50, 100 and 150mJ/pulse irradiation, show-
ing that the thickness was least for 150mJ/pulse irradiation. The thinner the remaining dentin
becomes, the larger the effects ofthermal changes and physical stimuli are, thus increasing histo-
logical changes. Although animals that received 150mJ/pulse irradiation showed the largest
changes in this study, the precise relationship between the irradiation energy and histological
changes caused by irradiation can not be discussed unless the thickness of dentin after irradiation
is unified.
  It has previously been reported that the Nd : YAG laser and C02 laser facilitated the formation
ofsecondary dentin'i'i3', but as for the Er : YAG Iaser, it was found that the formation of secondary
dentin was increased only when the remaining dentin was thin'5', and the increase was slighti2'.
This study showed similar findings as formation of osteodentin was observed when the remaining
dentin was comparatively thin. The formation of osteodentin was also observed where odon-
toblasts were thought to have undergone degeneration or disappeared. Such osteodentin is consid-
ered to be generated by neoodontoblasts that originate from undifferentiated mesenchymal cells,
which proliferate and migrated from the cell-rich layer, where odontoblasts had disappeared, or
odontoblasts differentiated from pulp cells proper. When the Er : YAG laser was used to cut den-
tin, the heat and the pressure produced by pulse irradiation influence the pulp'5'. If dentin is thin,
these stimuli can be transmitted to the pulp, increasing the formation of osteodentin. In this
study, histological observation revealed that 30 days after irradiation, odontoblasts and pulp cells
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proper, which underwent degeneration caused by excessive stimuli, recovered their function, and
even after necrosis, cells were regenerated, and dentin matrix and fibrous matrix were formed by
odontoblasts and pulp cells proper, respectively. As the cusps ofmurine molars lack enamel, there
is active formation ofreparative dentin due to attrition with age and physiological secondary den-
tin. Therefore, it is not necessarily easy to distinguish whether the formation of secondary dentin
is physiologic or results from attrition or laser irradiation. In this study, additional dentin fomied
                                                      'beneath the cavity that had a decreased number of dentinal tubules as well as inclusion cells re-
                                                 'garded as osteodentin, which was considered the secondary dentin resulting from irradiation.
However, as reparative dentin does not always show findings of osteodentin, there might have
been little formation ofreparative dentin in animals which received 50mJ/pulse irradiation when
observed 30 days after irradiation.
  Follow-up was performed until 30 days after irradiation in the present study. Immediately af-
ter irradiation, acute inflammatory reactions such as circulatory disturbance, i. e. hyperemia and
hemorrhage, in the pulp, disarray in the arrangement of odontoblasts and disappearance of the
pulpo-dentinal membrane as well as vacuolation wer' e observed. Seven days after irradiation, for-
mation ofosteodentin and proliferation ofpulp cells proper were detected. Thirty days after irra-
diation, there were no significant changes compared to the control group. 'Ihus, the reactions of
the pulp to irradiation recovered almost completely. However, some rats showed degeneration
even 30 days after irradiation, indicating the necessity of continuing observation more than 30
days after irradiation.
Cortclusion
  This study investigated the usefulness and safety ofEr : YAG laser application to cavity prepara-
tion ofimmature permanent teeth. In the experiment, murine upper incisors, and lower first and
second molars that are in the middle ofdevelopment as well as human immature permanent premo-
lars with incomplete apices were irradiated by applying an Er : YAG laser, and SEM observation of
the irradiation surface, investigation ofthe effect ofheat caused by irradiation, and histopathologi-
cal observation were performed, and the following results were obtained.
1 . SEM observation of the irradiation surface revealed that under all conditions of irradiation,
  there was no formation of smear layer nor dentinal plug generally after cutting with an air tur-
  bine handpiece, but opening ofdentinal tubules was observed.'
    Since no carbonization or cracks were observed under any condition of irradiation, cavity prepa-
  ration ofimmature teeth may be physically feasible, and cutting with the Er : YAG laser was difi
  ferent from that with high-speed instruments.
2. When the effects of heat were examined, it was found that the increase in the temperature
  caused by irradiation was affected by the irradiation energy, irradiation time and thickness of
  dentin, and as the irradiation energy increased, the irradiation time increased, or the thickness of
  dentin increased, and the increase in the temperature increased.
    Furthermore, the temperature ofdentin close to the pulp rose after laser irradiation, but owing
  to sufficient water supply, the mean rise in the temperature was less than 5Åé under all conditions
  ofirradiation, indicating that irradiation is not harmfu1 to the pulp.
3 . Histopathological observation revealed circulatory changes such as hyperemia, hemorrhage and
  exudative changes, disarray in the arrangement of odontoblasts, and disappearance of the pulpo-
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dentinal membrane immediately after irradiation. It was also found that as the irradiation energy
increased, histological changes in the pulp increased. However, recovery was observed 7 days after
irradiation under all conditions of irradiation, when formation of osteodentin and propagation of
pu}p cells proper were detected. These significant changes were not observed 30 days after irradia-
tion, showing that the effects on the pulp were reversible.
  [[[hus, it was indicated that cutting ofimrnature permanent teeth using an Er : YAG laser may
be feasible. When its effects on the pulp observed immediately after irradiation are considered, we
found that 50-100mJ/pulse irradiation is safer and more usefu1 for immature permanent teeth.
  This paper has been appeared in two reports of the Japanese Journal of Pediatric Dentistry (37 :
775-781, 782-797, 1999). These papers were concentrated to the present paper.
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